Abstract A major unmet medical need is the lack of treatments to prevent (or modify) epilepsy in patients at risk, for example, after epileptogenic brain insults such as traumatic brain injury, stroke, or prolonged acute symptomatic seizures like complex febrile seizures or status epilepticus. Typically, following such brain insults there is a seizure-free interval ("latent period"), lasting months to years before the onset of spontaneous recurrent epileptic seizures. The latent period after a brain insult offers a window of opportunity in which an appropriate treatment may prevent or modify the epileptogenic process induced by a brain insult. A similar latent period occurs in patients with epileptogenic gene mutations. Studies using animal models of epilepsy have led to a greater understanding of the factors underlying epileptogenesis and have provided significant insight into potential targets by which the development of epilepsy may be prevented or modified. This review focuses largely on some of the most common animal models of epileptogenesis and their potential utility for evaluating proposed antiepileptogenic therapies and identifying useful biomarkers. The authors also describe some of the limitations of using animal models in the search for therapies that move beyond the symptomatic treatment of epilepsy. Promising results of previous studies designed to evaluate antiepileptogenesis and the role of monotherapy versus polytherapy approaches are also discussed. Recent data from both models of genetic and acquired epilepsies strongly indicate that it is possible to prevent or modify epileptogenesis, and, hopefully, such promising results can ultimately be translated into the clinic.
Introduction
Animal models have, since 1937, been the foundation on which many new therapies have been identified for the treatment of symptomatic epilepsy [1] [2] [3] . The successful identification of several new antiepileptic (or anti-seizure) drugs (AEDs) since the 1990s clearly supports the value of animal models in the early identification of promising new drugs for the patient with epilepsy [1] . Unfortunately, despite this success, approximately 30 % of patients with epilepsy fail to achieve full seizure control or suffer intolerable adverse events [2] . As such, no one would argue that there is a clear need for more effective and better tolerated therapies for the treatment of symptomatic epilepsy.
In addition to the development of better therapies for the symptomatic treatment of epilepsy, the availability of a therapy that would prevent or delay the development of epilepsy, or the associated cognitive comorbidities would represent a substantial advance in the overall management of epilepsy [3] [4] [5] [6] . As epilepsy is progressive and the seizures and comorbidities can worsen with continued duration, such a diseasemodifying or antiepileptogenic therapy, once available, could also have a disease-modifying effect when epilepsy is already established, for example by reducing or preventing the emergence of more severe seizures, pharmacoresistance, or comorbidities. Unfortunately, there are many substantive challenges at the preclinical and clinical level that must first be overcome before a "disease-modifying" therapy or "cure" can be realized. For example, it would be important to demonstrate that any proposed therapy is effective in one or more of the animal models of epileptogenesis summarized in Fig. 1 , and that there is a clear path for the clinical development of a purported disease-modifying or antiepileptogenic therapy. Unfortunately, unlike the animal models that have successfully identified a number of new therapies for the symptomatic treatment of epilepsy, the animal models of epileptogenesis have not been validated clinically [4, 6] . To this point, clinical validation will not be provided until that first truly "antiepileptic" or "disease-modifying" therapy, identified in a specific animal model, is proven effective in an appropriately designed clinical trial. Having said this, the community should not be discouraged from pursing this approach, but should be aware of the limitations of the existing models and employ caution when designing preclinical studies and interpreting the results obtained. Many of the issues around the design, interpretation, and reporting of results from antiepileptogenesis and diseasemodifying preclinical studies briefly discussed herein are highlighted in a special issue of Epilepsia [7] .
This review will focus largely on the different animal models of epileptogenesis and their potential utility for evaluating proposed antiepileptogenic therapies and identifying useful biomarkers. We also discuss the results of previous studies of antiepileptogenesis and the role of monotherapy versus polytherapy approaches for identifying promising antiepileptogenic therapies.
Animal Models of Acquired Epilepsy
In much the same way that animal models are used to identify therapies for the symptomatic treatment of epilepsy, a number of experimental epilepsy models have emerged that could be used in the search for a potential "disease-modifying" or "antiepileptogenic" therapy. In addition to the models of acquired (symptomatic) epilepsy, a number of genetic models with mutations known to be associated with a particular seizure type or epilepsy syndrome have been described (Fig. 1) .
By definition, acquired epilepsy results from a brain insult that is followed by a "latent period" that can be months or years in duration [4, 6] . As discussed below, this latent period provides a "window of opportunity" wherein a potential antiepileptogenic or disease-modifying therapy could be administered in an effort to prevent, delay, or modify the epileptogenic process unleashed by the initial brain insult. Several of the available animal models listed in Fig. 1 display many of the features of human epilepsy, and may play a role in the testing and discovery of novel disease-modifying or antiepileptogenic therapies for one or more of the acquired or genetic epilepsies. One would also hope that the information gleaned from the preclinical studies utilizing these models would guide the design of any subsequent clinical trials.
Of the myriad available rodent models of acquired epilepsy, the kindling, status epilepticus (SE), and traumatic brain injury (TBI) models represent the three models most often employed in the search for antiepileptogenic and diseasemodifying therapies [4, 6] . With that said, a number of etiologically relevant models have emerged that display important properties of human acquired epilepsy (Fig. 1) . These include the tetanus toxin model, which, depending on injection site and age of the animals, can be used as a model of infantile spasms and temporal lobe or neocortical epilepsy, the neonatal hypoxia-ischemia model of hypoxic-ischemic injury, neonatal hyperpyrexia model of febrile seizures, models of infantile spasms, models of cortical dysplasia, stroke, and an emerging model of viral encephalitis (see White [6] for a review and references). With the exception of the kindling models, each of these models is associated with a latent period of varying length, an altered seizure threshold, the development of spasms in the case of infantile spasms, or the emergence of unprovoked seizures. Underlying the phenotypic features of these models is a number of histopathologic and functional abnormalities that includes cell loss, synaptic reorganization, and network hyperexcitability. From a translational perspective, the hope would be that those therapies found effective in preventing or modifying the epileptogenic process at the preclinical level could be translated to the human population at risk for developing epilepsy. It is important to note that the underlying pathology would likely be different amongst these and other models of acquired epilepsy, and, as such, drugs found effective in one model would not necessarily be effective in other models. Indeed, the underlying biological substrates that contribute to epileptogenesis in one etiological model of epilepsy would not necessarily be the same in another epilepsy model; for example, epileptogenesis following stroke would likely involve excitotoxic cell death, inflammation, gliosis, microglial activation, and other alterations, whereas epilepsy that is associated with models of tuberosclerosis would more likely respond to therapies that target the mammalian target of rapamycin (mTOR) pathway. As a consequence, a pharmacological agent being effective in a model of tuberosclerosis may be an interesting clinical candidate for preventing development of epilepsy associated with this condition but would not automatically be antiepileptogenic in other conditions. Nonetheless, each model of acquired epilepsy provides a unique platform for testing proposed "disease-modifying" or "antiepileptogenic" therapies.
A useful animal model for seeking mechanisms or pharmacological agents for antiepileptogenic or disease-modifying therapies should have at least the following properties: 1) a brain insult that is known to result in acquired epilepsy in humans; 2) a latent period following the brain insult that allows to interfere with epileptogenesis; 3) longterm consequences (e.g., spontaneous seizures, neurodegeneration, and behavioral and cognitive alterations) occurring after the latent period that are similar to those observed in humans following such brain insults; 4) a high frequency of spontaneous recurrent seizures (SRS), so that any antiepileptogenic or disease-modifying effect of an investigational drug can be easily determined by video/ electroencephalography (EEG) monitoring of SRS; 5) similar as in humans, the brain insult should not result in epilepsy in the majority of animals, but only a proportion (e.g., 50 %) of the animals should develop SRS-this would allow the investigator to determine which biomarkers, if any, separate between animals developing or not developing SRS after the insult; such biomarkers would be of significant value for evaluating the therapeutic response to a potential antiepileptogenic or disease modifying therapy (see below).
Genetic Models of Human Epilepsy
As summarized in Fig. 1 , several genetic rodent models with known mutations have emerged that recapitulate many important characteristics of human epilepsy. These models are providing important insight into the role of a specific mutation in ictogenesis and epileptogenesis. Furthermore, many of these models are emerging as important tools for validating novel targets for the treatment and prevention of epilepsy. The potential of a genetic model for evaluating new therapies for the treatment of human epilepsy is best exemplified by the WAG/Rij rat and the Genetic Absence Epileptic Rat of Strasbourg (GAERS). These two genetic models represent two important phenotypic models of human absence epilepsy that display an electrographic and pharmacologic profile consistent with primary generalized epilepsy [8] . They have been utilized for years for evaluating the therapeutic potential of an investigational drug for the treatment of primary generalized epilepsy. As discussed below, several studies have now been completed utilizing the WAG/Rij and other genetic models to evaluate the disease modifying/ antiepileptogenic potential of targeted therapies.
Furthermore, various genetic mouse models of epilepsy, including Scn1A knockout mice, gamma-aminobutyric acid-A γ2(R43Q) mice, Tsc1 mutant mice, Kv 7.2/7.3 mice, and Fmr1 knockout mice, have been described in recent years that possess many of the features of human genetic epilepsies resulting from a specific defect in a specific receptor or voltage-gated ion channel [6] . Such models present valuable opportunities to isolate and experimentally reproduce gene mutations for human seizure disorders, to test molecular mechanisms of epileptogenesis, and to explore strategies to correct early hyperexcitability defects in the developing brain. However, as yet, genetic mouse models of epilepsy are only In addition to the myriad of rodent seizure and epilepsy models, zebrafish are emerging as a potentially important non-rodent platform system for the early evaluation of antiseizure activity (see, e.g., [9] and [10] ). The ease with which seizure activity, both behavioral and electrographic, induced by either chemoconvulsants or genetic mutations, can be quantitated makes the zebrafish an extremely attractive model for the rapid screening of investigational drugs. Because of their genetic tractability, the zebrafish model is also potentially useful for the study of monogenic epilepsy syndromes. For example, Baraban and colleagues [10, 11] are using the zebrafish system to model some of pediatric epilepsies such as Dravet syndrome, which results from mutations in Scn1a. The rapidity with which know human mutations can be expressed in zebrafish may offer a unique mechanism for assessing purported antiepileptogenic drug and genetic therapies.
A comprehensive review of the pathophysiological and phenotypical features of all of the models summarized in Fig. 1 is outside the scope of this review (see White [6] for a review and references), and the remainder of this article will focus the some of the factors that should be considered when embarking on an intervention study using one or more of these models.
Important Considerations When Using Animal Models in the Search for Antiepileptogenic Drugs
The validity of any scientific investigation depends, in a large part, on the rigor that was applied in the design and conduct of the study; for example, "Were the outcome measures and statistical procedures clearly defined before the initiation of the study?", "Was the study powered sufficiently to detect a difference?", "Were the experimenters blinded during treatment and analysis phases of the experiment?", "Were animals randomly assigned to the experimental groups?". These, and other, factors, which have recently been the subject of extensive discussion, can certainly affect the outcome of a study and lead to unsubstantiated conclusions and non-reproducible results [see [4] and [12] ).
In addition to the above considerations, a number of other factors can play an important role in the outcome and interpretation of experimental results obtained from an intervention study. These include, but are not limited to: a) Intent of the study; for example, is it designed to demonstrate an antiepileptogenic, disease-modifying, or neuroprotective effect of a putative therapy? b) Treatment initiation and duration; Is it coincident with the therapeutic window of the selected model? c) Is dosing based on some knowledge of the pharmacokinetic properties of the therapy, that is, Adsorption, Distribution, Metabolism, and Excretion (ADME)? d) Are the observed outcomes due to the "anti-seizure" or "antiepileptogenic" properties of the treatment?
Definitions
The intent of any intervention study should be defined clearly at the outset as it will certainly play an important role in selecting the outcome measures. In a 2013 review by Pitkänen et al. [12] , "epileptogenesis refers to the development and extension of tissue capable of generating spontaneous seizures, resulting in (1) development of an epileptic condition and/or (2) progression after the condition is established", whereas "disease modification has two components: antiepileptogenesis (AEG) and comorbidity modification". Accordingly, an antiepileptogenic study would evaluate the ability of a test compound to alter one or more of the underlying processes that contribute to the development or progression of an epileptic condition, whereas a disease-modifying study would evaluate the ability of a therapy, when administered prior to epilepsy onset, to affect the frequency, duration, and/or severity of the seizures when they do occur. When administered after the onset of spontaneous seizures, a disease-modifying therapy can "alleviate seizure severity, prevent or reduce the progression of epilepsy, or change the seizures from drug resistant to drug sensitive" [12] . Given these definitions, a therapy that is thought to be antiepileptogenic could easily be shown to be diseasemodifying; however, this conclusion could not be reached if the study is not designed in a way that would allow for prolonged monitoring after the n th seizure is observed. For example, given the short nature associated with the "latent period" in some epilepsy models, a failed antiepileptogenic study could conclude at some time point after the n th seizure (defined before study initiation). After all, it is much easier to demonstrate that a drug is not antiepileptogenic than to prove it is! If the study design allows for prolonged monitoring, one would then know whether the treatment actually "modified" the outcome by shortening the duration, modifying the frequency, or altering the severity of the subsequent seizures. Neuroprotection refers to the preservation of neuronal cells and/or function. The ability to correlate histopathology and network function through imaging, electrophysiology, or other noninvasive measures would play an important role in the development and validation of in vivo biomarkers. This is becoming more and more important given the evidence suggesting that epilepsy can develop in the absence of marked histopathological damage [4] . Treatment Initiation and Duration: Is it Coincident with the Therapeutic Window of the Selected Model?
When should treatment with the investigational antiepileptogenic therapy be initiated and how long should it continue? The answer to this question relies, in a large part, on accurate knowledge of the "latent period" of the model that is being employed by the investigator. Thus far, the majority of intervention studies have been conducted in one of the SE models, where the "latent period" can be extremely short (hours to a few days) to 20 or more days [4] . Importantly, it can also be very variable between animals, thereby making it extremely difficult to design a study that will minimize variability and maximize reproducibility. As a result, efforts to reduce variability by halting the SE after a pre-determined time have been attempted in an effort to "clamp" the duration of convulsive SE; however, such efforts have been employed with varying degrees of success. The largest concern over studies that do not employ video-EEG to monitor the duration of the initial SE is that the investigator may successfully limit the convulsive SE without necessarily affecting the duration of nonconvulsive SE: an effect that can contribute to variability in the extent of neuronal damage and the "latent period" [4] . In an ideal situation, treatment with the "putative" antiepileptogenic compound would begin at the same time after SE onset and continue for the duration of the "latent period". This leads to the next question: How long should animals be monitored after discontinuation of treatment? Again, this depends on the initial purpose of the study. If the study was designed to assess whether or not the treatment was antiepileptogenic, then monitoring could be discontinued (in theory) after the n th observed seizure. If the study permitted prolonged monitoring after the n th seizure, then it would be possible to ascertain whether the treatment was disease-modifying. For the purposes of this discussion, monitoring refers to continuous (24/7) video-EEG; anything else would certainly compromise the interpretation of the results.
Is Dosing Based on Some Knowledge of the Pharmacokinetic Properties of the Therapy (ADME)?
Many of the intervention studies conducted in the past have been done with very little information about the ADME and or pharmacokinetics/pharmacodynamics of the investigational drug. This becomes particularly important when one considers that epilepsy is a progressive disease and that treatment may need to continue for weeks to months. Depending on the question being asked, it may be necessary for there to be constant brain exposure to the investigational therapy for prolonged periods of time. To this point, there should be some evidence that the purported drug target is altered following the brain insult and that the therapy is able to engage the target for the duration of the treatment. This discussion implies that there is a mechanism to deliver the therapy for the duration of the study in such a way that the drug achieves and maintains steady state blood and brain levels. Because steady state dosing depends on the half-life of the drug, it is important to know something about the metabolism of the drug so that an optimized dosing protocol can be designed [13] . Unfortunately, rodents are generally rapid metabolizers of most drugs and the half-life of AEDs, except phenobarbital, is short necessitating the need for multiple daily drug administrations. In an ideal situation, a drug would be administered without animal handling, as this can often precipitate a seizure in an epileptic rodent; however, this is difficult to do if the drug cannot be administered in the food, water, or through a mini-osmotic pump (or similar devices). Depending on the dose, solubility, and stability of the drug, it may be possible to achieve adequate exposure by one of these three preferred routes. The importance of this issue cannot be overstated, as a failed study could be the result of a number of factors related to ADME, including lack of brain penetration and target engagement for the duration of the study, development of pharmacokinetic and pharmacodynamic tolerance with chronic exposure, and inappropriate dose (too low or too high) [13] .
Are the Observed Outcomes due to the 'Anti-seizure' or 'Antiepileptogenic' Properties of the Treatment?
With the availability of a number of SE models, it has become increasingly apparent that the duration of SE can affect the degree of brain damage and that the degree of damage can contribute to the development and severity of epilepsy. Thus, anything that might modify the initial insult can have dramatic effects on the outcome and could lead to an erroneous conclusion regarding the antiepileptogenic or disease-modifying properties of the investigational drug (Fig. 2) . In this regard, it is extremely important to rule out the possibility that a "positive" outcome is not the result of a drug's ability to modify the "insult" or initial SE. This is best done by video-EEG monitoring for the duration of the SE to insure that the duration and severity of the initial SE is consistent between the vehicle control and experimental groups. Furthermore, when a new vehicle is employed, it is also important to verify that the vehicle does not possess any untoward effects that could compromise the interpretation of the study. An important example here is ethanol, which is often used to dissolve hydrophobic drugs, but may exert anticonvulsant effects of its own and synergistically enhance the anticonvulsant (and various other) effects of drugs dissolved in this vehicle [14] [15] [16] [17] .
Early results with the mTOR inhibitor rapamycin suggested that treatment with this immunosuppressant was disease-modifying in two different models of SE-induced epilepsy [18, 19] . Furthermore, Zeng et al. [20] found that rapamycin exerted an anti-seizure effect in a mouse model of tuberous sclerosis-a disease in which there is strong evidence supporting a role for the hyperactivation of the mTOR pathway in the pathology of tuberous sclerosis. Unfortunately, the initial observations suggesting that rapamycin prevents SE-induced mossy fiber sprouting were contingent upon the continued exposure to rapamycin. More recently, Heng et al. [21] confirmed that rapamycin treatment prevented mossy fiber sprouting in the pilocarpine SE model of temporal lobe epilepsy; however, rapamycin treatment failed to prevent the development of epilepsy. Based on the studies conducted to date, rapamycin treatment does appear to possess the ability to limit mossy fiber sprouting. However, it also appears to possess a prominent anti-seizure effect-an action that could contribute to its ability to prevent mossy fiber sprouting. Interestingly, this is another study suggesting that SE-induced epilepsy can occur in the absence of marked mossy fiber sprouting and other types of morphological alterations in the hippocampus (see Löscher and Brandt [4] for further discussion).
One strategy that can be used to exclude the possibility that the effect of an investigational drug on development of SRS following brain insult is secondary to an anti-seizure (or initial insult-modifying) effect is to determine whether the agent exerts anti-seizure effects after acute or repeated treatment in naïve animals (using electrical or chemical seizure induction). Indeed, the lack of anti-seizure efficacy in such acute seizure models coupled with clear-cut reduction in the development of SRS in chronic models of epileptogenesis by the same treatment could argue for truly antiepileptogenic effect. However, depending on the epileptogenic brain insult, the mechanism of an initial insult-modifying effect in a chronic model of epileptogenesis may differ from mechanism(s) of anti-seizure effects in acute seizure models, so that, as illustrated by rapamycin, it is not a trivial task to differentiate between insult modifying and antiepileptogenic drug effects.
Comorbidity Modification
The ability to prevent the development of epilepsy in the susceptible individual represents the "Holy Grail" of epilepsy research; however, preventing the cognitive decline and the emergence of other debilitating comorbidities associated with epilepsy would represent a significant step forward for the patient with epilepsy [4] . To this end, employing the currently available models to evaluate the cognitive sparing potential of a new therapy could provide the patient with an improved quality of life in the near term while the search for a "cure" continues.
Biomarkers for Epileptogenesis and Antiepileptogenesis
Given the heterogeneity and variability associated with different brain insults, it may take many years before a patient develops epilepsy after injury. As such, the duration of any intervention trial could easily exceed available resources, thereby making most antiepileptogenesis studies highly impracticable. The availability of biomarkers that track with the Fig. 2 Concepts and model parameters in studying drug effects on epileptogenesis. EEG = electroencephalography onset and progression of epilepsy in a susceptible patient would be enormously valuable for evaluating the therapeutic response to a potential antiepileptogenic or disease-modifying therapy. Validated biomarkers of epileptogenesis and ictogenesis, as suggested by Engel et al. [22] , could be used to "(a) predict the development of an epilepsy condition, (b) identify the presence and severity of tissue capable of generating spontaneous seizures, (c) measure progression after the condition is established, (d) create animal models for more cost-effective screening of potential antiepileptogenic and anti-seizure drugs and devices, and (e) reduce the cost of clinical trials of potential antiepileptogenic interventions by enriching the trial population with patients at high risk for developing epilepsy". In this regard, the wide range of etiologically relevant animal epilepsy models could play an important role in the identification and validation of biomarkers. Information gleaned from animal studies could be translated to the appropriate human population. Similarly, coincident development of biomarkers in patients with epilepsy can then be back-translated to animal studies and utilized for therapy discovery. The importance of having access to validated biomarkers cannot be understated, and efforts at both the clinical and preclinical level to achieve this goal are clearly required. As discussed by other authors in this issue, a number of biomarkers have emerged that may provide predictive insight into the process of epileptogenesis. These include alterations in hippocampal magnetic resonance images, as suggested by the FEBSTAT study, presence of interictal spikes and highfrequency oscillations in the EEG, altered seizure threshold, and the presence of blood markers suggestive of brain inflammation or neurodegeneration [3, 22] . In addition, genetic biomarkers have the potential to predict outcome and inform treatment for the selected patient population.
It is clear that the success of future antiepileptogenic trials could benefit from the continued development and validation of these and other emerging biomarkers. For example, the availability of a biomarker that could successfully identify the patient at risk for developing epilepsy would allow for pre-emptive treatment with a potential antiepileptogenic therapy. This, when coupled with the availability of a biomarker that tracks with the progression of epilepsy, would revolutionize current thoughts regarding the design and execution of an intervention study.
Previous Studies on Antiepileptogenesis
Recently, Löscher and Brandt [4] have discussed extensively previous preclinical studies on antiepileptogenesis in animal models and the few clinical studies in patients with TBI, so that discussion will not be repeated here, but the interested reader is encouraged to read their review. What is important, however, for the topic of this review is to note the diverse strategies that have been used preclinically to modify the development of epilepsy after brain insults such as SE or TBI, including prevention (or modification) of the insult (by treating the animals before inducing the insult), initial insult modification by reducing the severity or duration of the insult (by treating the animals during the insult, e.g., SE), and antiepileptogenesis (or disease modification) by treating the animals after an insult of enough severity and duration to induce epileptogenesis in the absence of any treatment (see Fig. 2) . Only a few studies have examined whether treatment of rodents after occurrence of the first SRS can modify the subsequent progression of epilepsy. In the following, we will only discuss studies that have tested compounds for "true" antiepileptogenic or disease-modifying efficacy by administering the compounds after an epileptogenic brain insult. As shown in Fig. 2 , and discussed above, in addition to recording SRS by continuous (24/7) video-EEG recording as a primary endpoint in antiepileptogenesis or disease-modification studies, the analyses of behavioral and cognitive alterations associated with epileptogenesis and neuronal damage provide additional endpoints that can be assessed in such studies [4] . Here, it is interesting to note that the majority of preclinical studies on potential antiepileptogenic or disease-modifying treatments that found effects reported reduced behavioral or neurodegenerative alterations, or reduced frequency of SRS, rather than prevention of SRS [4] . One reason for this finding may be that the brain insults that are used in rodents to induce epileptogenesis are much too severe to allow for the prevention of epilepsy by treating the animals after the insult. This view is supported by the fact that often the latent period in such models is very short (or even not existent), so that there might be no window of opportunity to interfere with epileptogenesis [23, 24] . Thus, one important goal for the future is to modify the available animal models in order to reduce the severity of the brain insult, thereby increasing the duration of the latent period and reducing the percentage of animals that develop epilepsy (which, typically, is >90 % in the SE models currently used). Otherwise, we will continue to produce negative findings with potentially interesting compounds in preclinical antiepileptogenesis trials.
Studies with AEDS
Almost all available AEDs, which are clinically used for symptomatic suppression of SRS in patients with epilepsy, have been evaluated for antiepileptogenic or diseasemodifying effects in animal models of epileptogenesis [4] . Although these drugs were developed for control of seizures and not for prevention of epilepsy after brain insults, many of them possess mechanisms of action that could also interfere with epileptogenesis [25] . It is therefore not surprising that some of these AEDs, particularly valproate, levetiracetam, and topiramate, were reported to exert disease-modifying effects in rat SE models of epileptogenesis [4] . More recently, we used valproate, which we found previously to exert disease-modifying and neuroprotective effects in an electrical SE model of epileptogenesis [26] , to determine the therapeutic window of this effect. By using a protocol that allowed us to effectively interrupt SE and compare various treatment protocols with valproate administered after SE, we found that continuous infusion of valproate for 24 h immediately after the SE was the most effective neuroprotective treatment, preventing most of the neuronal damage in the hippocampal formation, including the dentate hilus [27] . This suggests that the therapeutic window may be open for a shorter period than commonly assumed, and as recently suggested [28, 29] . Our positive result stands in contrast to many examples of experimental treatments that did not seem to have any significant effect when the treatment was started at the end of the insult [30] . As stated by Sloviter [30] , "the work of Löscher and colleagues is a significant step forward […] because it reminds us that reasonable certainty about the ineffectiveness of a given treatment requires reasonable certainty that the right dose was administered by the right route, in the right concentration, at the right time, and for the right duration". Falsenegative conclusions are probably a significant factor in this field [30] .
Whereas most previous studies designed to assess AED effects on epileptogenesis have used post-SE models of epilepsy, few studies have used genetic models of generalized epilepsy [4] . In the WAG/Rij rat model of absence epilepsy, early prophylactic treatment with ethosuximide, levetiracetam, or zonisamide (but not carbamazepine) before the onset of spike-wave discharges in the EEG suppressed the development of such absence-like seizures [31] [32] [33] , which was also subsequently observed in the GAERS model of absence epilepsy [34] . These findings suggest that models are available in which epileptogenesis can be controlled and that early treatment during development may provide a strategy for preventing genetic epilepsy in susceptible individuals.
In addition to SE and genetic models, amygdala kindling has been widely used to evaluate antiepileptogenic effects of AEDs [4] . This model, in which repeated administration of an initially subconvulsive electrical stimulus via a depth electrode in the basolateral amygdala results in the development of seizures with increasing severity and duration, has been criticized in recent years because the model is characterized by induced seizures instead of SRS, and drugs given during kindling acquisition may suppress kindling merely by an anticonvulsant effect rather than exerting an antiepileptogenic effect [4] . However, the latter problem can be easily overcome by using a protocol in which treatment of rats during kindling is followed by a wash-out phase without treatment and subsequent continuation of kindling in the absence of drug [35] . By using this experimental design, valproate and levetiracetam were shown to retard kindling after drug withdrawal [35, 36] , whereas various other AEDs were ineffective in this regard [4] . Based on findings of functional (prokindling) alterations after depth electrode implantation in the absence of electrical stimulation in rats, Löscher [37] has proposed that amygdala kindling may present a model of TBI, in which the consequences of penetrating brain injury (by the depth electrode) are facilitated by electrical stimulation. More recently, D'Ambrosio and colleagues [38, 39] have used rostral parasagittal fluid percussion injury as a model of TBI in rats and started to evaluate AEDs and other treatments for antiepileptogenic effects in this model.
In apparent contrast to the promising findings with valproate in preclinical models of epileptogenesis, a clinical trial with this AED in patients with TBI failed to demonstrate any antiepileptogenic or disease-modifying effect, which is similar to previous trials with other AEDs (e.g., phenobarbital, phenytoin, carbamazepine) in such patients [40] . However, the limitations of current technology to assist in antiepileptogenesis trials must be acknowledged [41] , so that important effects of treatment may have been missed in such post-traumatic epilepsy prevention trials. Furthermore, assuming that the window of opportunity following brain insults in patients is as short as in animal models, which is supported by findings with neuroprotective agents (e.g., tissue plasminogen activator) in stroke [42] , the treatment of TBI patients with AEDs such as valproate may have missed this window in at least some of the patients, thus contributing to the negative outcome of such studies. In an excellent review, Mani et al. [43] have recently described what an ideal human antiepileptogenesis trial should look like to enhance the change of identifying clinically meaningful drug effects.
Studies with Experimental Compounds Targeting Mechanisms of Epileptogenesis
Prompted by the apparently negative outcome of most antiepileptogenesis studies with AEDs and the increasing understanding of the molecular and functional brain alterations possibly underlying epileptogenesis, many researchers started to use compounds directly targeting such alterations in animal models of epileptogenesis [4] . However, similar to studies with AEDs, most studies using such experimental compounds, including neuroprotective, neuromodulatory, or anti-inflammatory drugs, failed to prevent the development of SRS, but, at best, exerted disease-modifying effects [4] . One remarkable exception was recently reported by Liu et al. [44] . By using a mouse model of SE-induced epilepsy, in which kainate is injected into the basolateral amygdala, leading to limbic SE (which is interrupted after 40 mins by diazepam and lorazepam) and development of SRS after a seizure-free latent period of several days, inhibition of the SE-induced activation of brain-derived neurotrophic factor receptor TrkB was shown to prevent SRS, ameliorate anxiety-like behavior, and limit loss of hippocampal neurons when tested weeks to months later [44] . This study thus provides a proof-of-concept that antiepileptogenesis is possible, provided that models are used that avoid the massive brain alterations associated with induction of SE by systemic administration of convulsants such as kainate or pilocarpine. Such proof-of-concept was also reported in a study that used a TBI model in rats, in which mild passive focal cooling following rostral parasagittal fluid percussion injury in rats was associated with potent and persistent prevention and modification of epileptic seizures [39] . In contrast, the experimental AED carisbamate was without effect on epileptogenesis in this model [38] .
Single Treatment Versus Combinatorial Treatment Strategies
Most previous studies on antiepileptogenesis used single drug treatment during the latent period in animal models of epilepsy [4] . However, epileptogenesis is a multifactorial process, so that it is unlikely that drugs acting via a specific target, for example an ion channel or neurotransmitter receptor, can halt this process. This may also explain why compounds such as valproate, which display a multitude of mechanisms of action, are more likely to exert disease-modifying effects than other, more selective AEDs. Combinatorial treatment strategies, in which several drugs are combined in an effort to engage different targets presumed to be involved in the epileptogenic network, may be a more effective strategy than treatment with single, highly specific drugs [3] .
Concept of Network Pharmacology
Most epilepsies develop not from alterations of a single target, but rather from complex alterations that result in an epileptic network in the brain [3, 45, 46] . The only existing cure of epilepsy in many patients is resective surgery in which the regional epileptic network, or part of this network, is removed [47] . Thus, single-target treatments focused exclusively on a single protein, or an individual biochemical pathway, may be less effective than multiple-target treatments targeting different proteins or pathways involved in the network. The latter approach has been recently termed "network pharmacology", and relates to principles of systems biology [48, 49] . The principle of network pharmacology is to develop combinations ("cocktails") of existing or novel drugs that would, when administered together, modulate several mechanisms, in an effort to regulate different targets within a biological network. This strategy may turn out to be particularly useful for diseases like the epilepsies where the etiology is complex and do not sufficiently respond to single target treatments, or for which no treatment exists. Systems biology-based approaches of network pharmacology have recently been proposed for developing antiepileptic and antiepileptogenic treatments [4, 50, 51] . In addition to combining drugs in network pharmacology, one target that modulates several pathways is an alternative option as illustrated by the mTOR pathway [52] or transcription factors such as Nrf2 [53] .
Examples for Synergistic Drug Combinations
Twenty years ago, we reported that the anticonvulsant effect of 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo(F)quinoxaline (NBQX), which acts on the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor subtype of glutamate receptors, can be potentiated by extremely low doses (0.0001-0.1000 mg/kg) of the N-methyl-D-aspartate (NMDA) receptor antagonist MK-801 (dizocilpine) in the amygdala kindling model [54] . Similar over-additive effects were seen when NBQX was combined with the competitive NMDA antagonist CGP39551 (the carboxyethylester of DL-(E)-2-amino-4-methyl-5-phosphono-3-pentenoic acid) or the low-affinity, rapidly channel blocking NMDA receptor antagonist memantine [54, 55] . Adverse effects were not potentiated by combining low doses of NMDA antagonists with NBQX. These data suggested that both non-NMDA and NMDA glutamate receptors are critically involved in the kindled state, and that combinations of AMPA and NMDA receptor antagonists provide a new strategy for treatment of epileptic seizures. However, it took almost 20 years before the first AMPA antagonist, perampanel, was approved for treatment of epilepsy [25] . We are currently evaluating combinations of clinically-approved NMDA antagonists (ketamine, memantine) and perampanel in models of difficult-to-treat seizures. Furthermore, in view of the fact that both glutamate receptor subtypes are critically involved in epileptogenesis [56] , combinations of NMDA and AMPA antagonists are interesting candidates for antiepileptogenesis.
Another interesting example is the combination of phenobarbital with the diuretic bumetanide [57] . Bumetanide inhibits the neuronal chloride cotransporter NKCC1, which acts as a chloride importer. Gamma-aminobutyric acid-mediated excitation has been observed when expression of NKCC1 is higher than expression of the chloride exporter KCC2; e.g., early during development and in the hippocampus of adults with temporal lobe epilepsy [58, 59] . Based on the hypothesis that increased expression of NKCC1 may be involved in the development of neuronal hyperexcitability during epileptogenesis in adults, we evaluated whether treatment with bumetanide after pilocarpine-induced SE alters the long-term consequences of the brain insult [60] . Based on promising effects of combinations of bumetanide and phenobarbital in neonatal seizures [61] , treatment with bumetanide alone was compared with treatment with phenobarbital alone and with combinations of the two drugs. None of the treatments prevented development of SRS, but the combined treatment counteracted the development of behavioral alterations associated with epilepsy, indicating a disease-modifying effect [60] . As bumetanide is rapidly eliminated in rodents and only poorly penetrates into the brain [60] , we are currently trying to overcome these disadvantages by either administering more lipophilic prodrugs of bumetanide or inhibiting its metabolism in rodents, or both. Interestingly, the lack of any significant effects of single drug treatment with bumetanide in our study [60] may be due to the model (pilocarpine) used because in a more recent study by Koyama et al. [62] bumetanide was shown to prevent the development of epilepsy after febrile seizures in rats. Thus, again, the type and severity of epileptogenic brain insult is important when studying the antiepileptogenic efficacy of compounds. Positive findings with such compounds in a model should not be quickly extrapolated to the clinic but await replication in other models.
Increasing evidence suggests an important role for inflammatory processes in epileptogenesis [63] . Three main inflammatory pathways, namely the interleukin-1 (IL-1) receptor/ Toll-like receptor signaling, cyclooxygenase-2 (COX-2), and the transforming growth factor β signaling, provide interesting targets for antiepileptogenic intervention [3, 63] . However, targeting each of these pathways alone may not be sufficient. Kwon et al. [64] selected anti-inflammatory drugs directed against IL-1 receptors (IL-1ra), a COX-2 inhibitor (CAY 10404), and an antagonist of microglia activation of caspase-1 (minocycline), and tested them for neuroprotective and antiepileptogenic effects in a SE model in 2-3-week-old rats. None of these drugs was effective in attenuating neuronal damage or in limiting the development of spontaneous seizures when administered individually. When empiric binary combinations of these drugs were tried, the combined targeting of IL1ra and COX-2 resulted in attenuation of acute brain injury, reduced the development of SRS, and limited the extent of mossy fiber sprouting. The authors concluded that "deployment of an empirically designed 'drug cocktail' targeting multiple inflammatory signaling pathways for a limited duration after an initial insult like SE may provide a practical approach to neuroprotection and anti-epileptogenic therapy". However, treatment with anti-inflammatory agents was started before injecting pilocarpine to induce SE, and the combination treatment of COX-2 inhibitor plus IL-1ra significantly delayed the latency to pilocarpine-induced SE onset, indicating initial insult modification [64] . Thus, experiments in which this combination is administered after the SE (or other epileptogenic brain insults) are needed. Nevertheless, these examples strongly indicate that combinatorial treatment strategies are the way to go.
Conclusions
Animal seizure and epilepsy models continue to play an important role in the early discovery of new therapies for the symptomatic treatment of epilepsy. The success of the current screening approach is indisputable, and millions of patients worldwide have benefited from the process employed by the National Institute of Neurological Disorders and Stroke (NINDS) Anticonvulsant Screening Program and other early discovery programs. Furthermore, studies using animal models have led to a greater understanding of the factors underlying ictogenesis and epileptogenesis, and provided significant insight into the mechanisms of how AEDs act to suppress seizures. Unfortunately, the current approach has done little to identify therapies that will prevent or modify the epilepsies in people at risk, largely because of a lack of consensus within the epilepsy research community regarding which, if any, animal model and experimental approach would be best suited for an antiepileptogenesis and/or disease-modification study.
This review focuses largely on some of the most common animal models of epileptogenesis and their potential utility for evaluating proposed antiepileptogenic therapies and identifying useful biomarkers. We also describe some of the limitations of using animal models in the search for therapies that move beyond the symptomatic treatment of epilepsy. Promising results of previous studies designed to evaluate antiepileptogenesis and the role of mono-versus polytherapy approaches are also discussed. Importantly, results obtained with ethosuximide and levetiracetam in models of primary generalized epilepsy certainly suggest that it may be possible to prevent, or at least modify, the development of epilepsy in this patient population. Furthermore, our knowledge of the targets involved in the epileptogenic process has matured to the point that targeted studies are not only possible, but are beginning to yield important data supporting the concept that a clinical trial is within reach.
As discussed in this review, exciting new data from the McNamara laboratory [44] , using a pharmacological and genetic approach, suggests that inhibition of one such target, that is, TrkB, shortly after initiation of SE prevents SRS and anxietylike behavior and limits hippocampal neuronal loss. Other potential targets include NKCC1 [57, 62] and modulators of neuroinflammation, that is, IL-1, COX-2, and transforming growth factor β [63] . Further interesting findings (not discussed in detail here) include 1) administration of decoy oliognucleotides limiting the transcriptional repressor, neuron-restrictive silencer factor (NRSF), which is initiated after SE, resulted in a 70 % reduction in the number of SRS during the ensuing 2 weeks [65] ; 2) pharmacological depletion of a microRNA, miR-134, initiated after SE reduced the occurrence of SRS when tested weeks later [66] ; and 3) treatment with atipamezole, an α2-adrenergic receptor antagonist, starting 1 week after SE, reduced frequency and severity of SRS tested after wash-out from atipamezole, indicating a disease-modifying effect [67] . Whether it will be possible to prevent epilepsy with just a single drug is still not clear and well-designed studies that compare this approach to a "cocktail" approach are clearly warranted.
In summary, the animal models and experimental approaches employed in the search for therapies that may possess antiepileptogenic and/or disease-modifying properties have certainly matured in recent years to the point that larger scaled preclinical studies are warranted wherein the most promising observations can be quickly replicated. Furthermore, enhanced communication between basic and clinical scientists is leading to more interdisciplinary research that will lead, ultimately, to the design and execution of clinical trials in the susceptible patient population. Only then, will it be possible to determine whether promising preclinical results can be translated into the development of a disease-modifying or preventive therapy.
